A spinel-carbon clinker has been prepared through a two-step heating process of MgO-Al compact in CO at mosphere. Al partially changes into intermediate phases during low temperature heating step. The phases further react with MgO and CO during high temperature heating step to form spinel and carbon. The precipi tated carbon phase is almost amorphous and finely distributed throughout the spinel phase. Because of its low degree of crystallinity, the precipitated carbon shows an oxidation resistance lower than graphite. At higher temperatures, the effect of heating in CO gas on the clinker is negligible, but heating in Ar gas strongly reduces the clinker.
Introduction
Among potential requirements for shaped and unshaped refractories, monolithic refractories are more greatly used and castables occupy a high percentage of application in the monolithic group of refractory materials. Castable refracto ries do not require skilled labour for installation and more easily exhibit their designed characteristics than other types of monolithic refractories such as plastic, ramming and gun ning materials. Definitive substitution of refractory bricks by monolithics in steel-ladle lining is hindered by lack of ap propriate refractory castables at slag line. In this regard, hydration of magnesia fine grains is a major obstacle of mag nesia refractories. The most common rout to overcome this problem is spinel participation in the refractory.1) This spinel phase can be formed through different methods:
(a) Using pre-sintered spinel grains as starting material, 2), 3) (b) In situ formation of spinel through direct solid-state reaction between magnesia and alumina grains, 4), 5) (c) In situ formation of spinel through the reaction be tween Al2O3 or MgO grains and Al-Mg alloys, 6) (d) In situ formation of spinel through the reaction be tween MgO grains and Al metal.
In this work, formation of spinel-carbon (MgAl2O4-C) clinker, for monolithic applications, has been investigated through the latest method (d). In this regard, a mixture of magnesia and aluminium powders is heated in CO at mosphere. Al reduces CO gas to deposit carbon and form in termediate phases such as Al4C3 and alumina. Further, they react with MgO to form spinel and carbon. 7) Content of the precipitated carbon in the obtained clinker is about 20 mass%, which is common in carbon containing refractories.
2.
Experimental procedure
Raw materials
Raw materials used in this study were as follows: 3. Results and discussion 3.1 Clinker formation process Assuming Reaction (1), the MgO-Al compact must gain 89.1% weight after heating in CO gas, and final phase com position is supposed to be spinel (79.8mass%) and carbon (20.2mass%). reached to the highest value (80mass%). In order to inter pret the results in Fig. 3 , equilibrium partial pressure of gaseous species over condense phases at different tempera tures in P(co)=0.1MPa were calculated from JANAF ther mochemical tables8) and plotted in Fig. 4 . Since Al (1), MgO (s), Al4C3 (s) and Al2O3 (s) are not thermodynamically sta ble in the system at P(co)=0.1MPa at mentioned tempera tures, partial pressure of gaseous species at P(co)=0.1MPa at each temperature were calculated through extrapolation method. P(Al2O)over Al (1) is higher than those over Al4C3, Al2O3 and MgAl2O4. Therefore, since content of remaining Al metal, during and after first step heating at lower tempera tures, is higher, and its further presence in the second step lasts longer, total amount of vaporized Al2O (g) will be higher. Some parts of these gases may migrate to the sur face of the compacts and then remove from the system without participating in the Reactions (1) and (2) and therefore without resulting in weight gain. As Fig. 2 shows, even after second-step heating, still some Al4C3 remains un reacted. This can also result in lower weight gain in the se cond step. Vaporization of MgO (s) in the first and second steps can also result in lower total weight gain.
(a) (b) Fig. 4 . Equilibrium partial pressure of gaseous species over vari ous condense phases at different temperatures in P(co)=0 .1MPa. Al=38.02mass%; Mg=16.20mass%; O=45 .78mass% (MgO=27.2mass%; Al2O3=72.8mass%) By comparing the above results with normal spinel (MgO =28 .3mass%; Al2O3=71.7mass%), it may be concluded that some part of MgO escaped from the system during heating (according to Reaction (4) and Fig. 4 (b) ).
But, Reaction (4) alone cannot explain the measured weight gain during heating process (80mass%) and weight loss during oxidation (18.1mass%).
According to the equilibrium diagram in Fig. 4 (a) , since Al2O (g) has the highest partial pressure, its formation through Reaction (5) and further partially escape of it from the system before par ticipating in the Reaction (1) must be also considered.
Although considering Reaction (5) in addition to Reac tion (4) may explain the measured weight loss after oxida tion, they still cannot explain the measured weight gain dur ing heating process. Remaining of a little Al4C3 (resulted from Reaction (2)) in the obtained clinker and its oxidation behaviour (Reaction (6)) during TGA analysis, to the ac companiment of the Reactions (4) and (5) can successfully explain all above experimental results and their deviation from the theoretical values. MgAl2O4(s)=Al2O3(S)+Mg(g)+1/2O2(g)
The gaseous Mg may escape from the system, but Al2O3 remains in the spinel structure. Therefore normal spinel changes to an alumina-rich spinel. In a normal spinel (MgAl2O4) oxygen ions form a face centered cubic (fcc), which in alumina ions occupy one-half of octahedral intersti tial sites and magnesium ions occupy one-eight of tetra hedral sites. When normal spinel is heated at high tempera ture in above-mentioned reducing atmosphere, this struc ture changes. 
